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Complexation between the Schiff base N4-tetradentate N,N0-bis(7-methyl-2-pyridylmethylene)-1,3-dii-
minopropane (bpydip) and ion Ru(II) occurs only in trans geometry. However, it is known that the most
complex of these ligands with ruthenium present predominantly cis geometry. In order to clarify the
effects that drive the formation of the complex [Ru(bpydip)Cl2], we performed a new experimental study
of the reaction and a complete theoretical investigation of their transition states. The results showed that
nonformation of the cis isomer could be explained by the difference in relative stability of the reaction
products and the transition states proposed.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.Schiff bases have played an important role in the chemistry of
coordination compounds over the years due to the ease of forma-
tion of stable complexes with most of the transition metals in dif-
ferent modes of coordination, to the diversity of the structures of
the compounds, and also because they are at the threshold of soft
and hard Lewis bases.1–4
Metallic complexes containing Schiff base, particularly tetra-
dentate derivatives, have been used in catalysis5–8 and as models
of biomimetic enzymes.9–11 Most of these compounds are obtained
via a template in which the metal ion catalyzes the formation of
the Schiff base and depending on the structural characteristics of
the ligand, allows obtaining metallic derivatives with cis or trans
geometry.12–14 To this end, a large number of metallic derivatives
of the type M(N2O2), M(N2S2), and M(N4) have been synthesized
and characterized, including some examples of ruthenium com-
pounds with N-heterocyclic tetradentate Schiff bases (N4).1,15,16
Among the N4-tetradentate Schiff bases, N,N0-bis(7-methyl-2-
pyridylmethylene)-1,3-diiminopropane (bpydip), presents two
a,a0-diimine fragments and is an attractive alternative for ligands
of the type 2,20-pyridine, 1,10-phenanthroline, and terpyridines.
The complexes between bpydip and ruthenium with general for-
mula [Ru(L)2X2] have predominantly cis geometry and play impor-
tant roles in catalysis, photochemistry, chemo- and
photochemoluminescence, and electron or energy transfer.17,18
However, in a previous study, the reaction of the ligand bpydip
with RuCl33H2O gave only the CCT (cis-cis-trans) isomerx: +55 44 3011 4125.
evier OA license.(Scheme 1), one of the rare imine complexes of ruthenium (II) with
this geometry.19
To clarify the effects that drive the formation of the ruthenium
(II) chloride with bpydip, we performed a new experimental study
of this reaction and detailed theoretical investigation of the re-
agents and products structures, as well as the transition states of
this reaction.
First, the reaction was carried out as previously published19
(Scheme 1) by reacting RuCl33H2O with LiCl in ethanol under re-
ﬂux for the later addition of a mixture of 1,3-diaminopropane
(DIP) and 2-acetylpyridine (AP) also in ethanol under reﬂux. The
reaction gave only the CCT isomer with a yield of 23%, without
traces of the CCC isomer. The major product of the reaction was
an insoluble black powder, apparently a polymer, which was not
identiﬁed. Next, an attempt was made to isolate the bpydip for la-
ter complexation with Ru(II). The reaction of AP with DIP was per-
formed with and without acid catalysis. The reaction was
unsatisfactory in both cases and did not allow the isolation of bpy-
dip. We propose, therefore, that the formation of bpydip occurs
through template with the Ru(II) ion acting as a catalyst.
The formation of bpydip via template must occur through the
formation of an intermediate complex between two chloride ions
and AP with the Ru(II) ion [Ru(AP)2Cl2], in the three possible iso-
meric forms (CCC-1, CCT-1, and TTT-1; Scheme 2). After the activa-
tion of the carbonyl groups of AP by the complexation with Ru(II)
ion, each isomer of the intermediate complex might react with DIP
to form [Ru(bpydip)Cl2] in three isomeric forms: CCC-3, CCT-3, and
TTT-3. Concerning the formation of TTT-3, the geometry of the
intermediate complex does not allow the intramolecular reaction
Table 1
Partial atomic charges calculated in B3LYP/LANL2DZ for intermediates of reaction
Mulliken’s charges
C (1)a C(2)a C(2) a Nb
CCC-1 0.366 0.359 CCC-2 0.361 0.622
CCT-1 0.371 0.371 CCT-2 0.371 0.624
TTT-1 0.373 0.373 TTT-2 0.377 0.644
a Carbon atoms of the carbonyl groups.
b Nitrogen atom of the propylamine group.
Table 2
Calculated energies (kcal mol1) in B3LYP/LANL2DZ for each pathway reaction
Reactions DG–1a DG–2b DG–T DG1a DG2b DGT
CCC-1 5.00 34.31 39.31 9.71 7.01 16.72
CCT-1 7.70 28.66 36.36 7.77 16.51 24.29
TTT-1 8.35 17.13 25.48 2.95 2.09 5.04
a For ﬁrst step of reaction.
b For second step of reaction.
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Scheme 1. Synthesis of CCT-[Ru(bpydip)Cl2].
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Therefore, the intermolecular reaction between TTT-2 units would
occur.To corroborate the proposed synthesis pathway and indicate
the factors that determine the difference in reactivity of the iso-
mers of [Ru(AP)2Cl2], a detailed theoretical study of the intermedi-
ate reagents and transition states for the reaction of each isomer
was performed using the methodology recently published by our
Figure 1. Transition states proposed for the steps reaction. Amine group approximation to carbonyl group (green dotted lines) and hydrogen bonds between ANH2 groups
and chloro atoms (red dotted lines).
A. P. Silva et al. / Tetrahedron Letters 52 (2011) 5043–5046 5045research group.20 All calculations were made with the software
package Gaussian 0321 at B3LYP/LanL2DZ.22 The structures pro-
posed for the intermediates and the products were optimized.
The partial atomic charge values are given in Table 1 (see Supple-
mentary data for additional details).
The analyzes of the calculated Mulliken’s charges (Table 1)
shows a slight difference in the electrophilic character of the
carbonyl groups of the AP units for the ﬁrst reaction step. More-
over, in the second step, this difference became more expressive
and a great difference in the nucleophilic character of the amino
groups is also observed.. The carbonyl groups of CCT-1 and CCT-2
have a more electrophilic character than the carbonyl groups of
CCC-1 and CCC-2, respectively. The amino group of CCT-2 also pre-
sented a more nucleophilic character than the amino group of CCC-
2. The observed difference corroborates the nonformation of CCC-
3. Furthermore, according to the data in Table 1, TTT-3 would be
formed preferentially.
To investigate the kinetic and thermodynamic behavior of the
reaction, the Gibbs free energies of activation (DG–) and of reaction
(DG) were calculated and the values are given in Table 2 (see Sup-
plementary data for additional details). The evaluation of these val-
ues shows that the formation of CCT-3 is kinetically and
thermodynamically favored over CCC-3, which justiﬁes the forma-
tion of CCT-3. However, the supposed formation of TTT-3 would
have the lowest total DG– value. In the same conditions, TTT-1
should react faster than CCC-1 and CCT-1, which explains the
greater yield of TTT-3, as it is highly kinetically favored. Even
though CCT-3 is not kinetically favored, it is very favored thermo-
dynamically, so it is formed as well. Regarding CCC-3, its formation
is favored neither kinetically nor thermodynamically, which justi-
ﬁes the experimental result.
To justify the calculated values of DG–, we evaluated the tran-
sition states of each reaction pathway (A, B, and C; Scheme 2). The
structures proposed for the ﬁrst step show that in the three cases,
there is an intermolecular hydrogen bond between the ANH2
group of DIP and one of the chloro atoms (Fig. 1). This interaction
allows a more effective approximation of the nucleophile to the
reaction site. The similarity of the structures justiﬁes the proximity
of the DG–1 calculated values for each reaction pathway. In the
second reaction step, there is a determining difference between
the proposed structures: in CCC-TS2 the intermolecular hydrogenbond does not occur between the amino group and the chloro
atom. As a result,DG–2 is greater for the formation of this interme-
diate than for the others. The great difference between the DG–2
values of CCT-TS2 and TTT-TS2 can be explained by the effect of
the torsional tension that occurs for ANH2 to reach the reaction
site of the second AP unit in CCT-TS2.
Finally, the comparison of the products stability shows that the
energy of CCT-3 is 6.66 kcal mol1 smaller than that of CCC-3. In
contrast, TTT-3 is the most stable product, with 2.37 kcal mol1
less energy than CCT-3 and 9.03 kcal mol1 less than CCC-3. This
shows that the supposed reaction of polymerization of TTT-1
would lead to a much more stable product, which would justify
the low yield of formation of CCT-3 (see Supplementary data for
additional details).
Therefore, the nonformation of the CCC isomer in the synthesis
of the [Ru(bpydip)Cl2] complex can be explained by some associ-
ated factors. First, by the differences in the electrophilic character
of the carbonyl groups in both reaction steps and in the nucleo-
philic character of the amino group in the second step, as demon-
strated by the Mulliken’s charge values calculated for each case.
Second, by the differences in stability between CCC-3 and CCT-3.
Third, by the differences in stability of the transition states pro-
posed for the second reaction step, as CCC-TS2 has a much higher
relative energy due to the absence of the intramolecular bond of
hydrogen between the NH2 groups and Cl. Finally, the calculated
Gibbs free energy values of activation (DG–) and of reaction (DG)
proved that the CCC geometry is not obtained in the synthesis of
the [Ru(bpydip)Cl2] complex because the kinetic and thermody-
namic reaction pathway is highly unfavored.
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